Colloidal semiconductor quantum dots (QDs) and nanorods (NRs) are nanometer-sized single-crystal nanoparticles (NPs) nucleated from a hot solution of precursor molecules. Their size and shape can be precisely controlled by the duration, temperature, and ligands used in the synthesis.^[@ref1]−[@ref3]^ This method yields QDs or NRs that have composition and size-dependent absorption and emission wavelengths covering the entire spectral range from the visible to the NIR regions.^[@ref4]^ In addition to fluorescence, QDs and NRs possess other interesting optoelectronic, electrochemical, and magnetic properties that are likely to be further exploited. Such NPs have found numerous applications, such as in biological tagging,^[@ref5]^ quantum optics,^[@ref6]^ photovoltaic light harvesting,^[@ref7]^ flat panel displays,^[@ref8]^ and others.

The growing number of novel applications stems from the ever-increasing control over QDs' and NRs' optical and electronic properties, afforded by dramatic improvements in synthetic protocols. Significant advancements include shape control *via* addition of co-adsorbents,^[@ref9]^ allowing the fabrication of quantum rods and tetrapods and synthesis of core/shell nanocrystals with type-I and type-II band alignments.^[@ref10]^ Combination of these synthetic techniques has afforded the fabrication of asymmetric heterostructures *via* seeded nanorod formation^[@ref11],[@ref12]^ where a CdSe or a ZnSe core is embedded in one end of a CdS rod, exhibiting strongly asymmetric localization regimes for the electrons and the holes. Type-II QDs have been shown to have controllable exciton--exciton interaction energies,^[@ref13]^ which is of particular interest for optical gain^[@ref14]^ and light-harvesting^[@ref7]^ applications. Nucleation doping, a recent addition to the synthesis toolbox, enables formation of shallow traps for one charge carrier within the QD or NR, affording a controlled separation of charges inside the nanoparticle.^[@ref15]^

The intricate control over size, shape, shell thickness, doping, heterostructure, and band alignment allows precise engineering of the carriers' wave functions and, in particular, their interactions with (and perturbation by) the immediate local environment. As a result, QDs and NRs have been increasingly used as local probes of their nanoscale environment. Examples include sensing of chemical properties such as pH,^[@ref16]^ anion,^[@ref17]^ and ion detection^[@ref18]^ and physical properties such as light intensity,^[@ref19]^ temperature,^[@ref20]^ stress,^[@ref21]^ and surface charge.^[@ref22]^

The utilization of QDs and NRs for local electric field (*F*) sensing is one such additional interesting proposition. It is well-established that semiconductor absorption and emission edges are modulated by an external electric field and even more so when optically excited electron--hole pairs (and excitons) are confined in small dimensions (as compared to the exciton's Bohr radius), giving rise to the quantum-confined Stark effect (QCSE).^[@ref23]^ The physical origin of this effect is in the separation of the photoexcited charges, creating a dipole that opposes the external electric field. QCSE was first demonstrated for two-dimensional (epitaxially grown) layers of quantum wells and was used to construct devices such as the self-electro-optic effect device (SEED).^[@ref24]^ QCSE-based SEED has advantages such as low power consumption, high speed, easy integration onto a Si-based device or waveguide, and room temperature (RT) operation.^[@ref25]^

QCSE in epitaxially grown 2D quantum wells is more readily observed as compared to the effect in colloidal NPs. This is because the induced internal field is larger when the dielectric constant (ε~r~) of the potential well is similar to the dielectric constant of its surroundings. For example, a wavelength shift of 15 nm was measured (shift from 610 nm at 5 V to 625 nm at 10 V) at 197 K (Δλ/λ = 2.40% for Δ*F* = 119 kV/cm).^[@ref26]^ For type-II band alignment, even larger changes were measured (Δλ = 85 nm, Δλ/λ = 7.14% for Δ*F* = 80 kV/cm).^[@ref27]^ Nonetheless, the advent of colloidal QD synthesis led to extensive examination, mostly at low temperature (LT), of their QCSE.^[@ref28]^ Wavelength shifts of type-I NPs are usually small (Δλ = 6.0 nm, Δλ/λ = 1.0% for Δ*F* = 350 kV/cm).^[@ref29]^ Larger shifts were measured for type-II NRs (Δλ = 4.2 nm, Δλ/λ = 0.65% for Δ*F* = 30 kV/cm).^[@ref30]^

Due to thermal excitations, the exciton is readily ionized at RT, making it more difficult to observe the Stark effect in these particles. Moreover, trapping of random thermally excited charges at surface and interface states can cause local potential fluctuations that interfere with and modulate charge separation, diminishing the effect. Nonetheless, when compared to voltage-sensitive organic dyes, QCSE has the potential to replace a (noisy) intensity change (Δ*I*) measurement with a (less noisy) ratiometric measurement.

The question we set up to answer in this study is: could NPs be engineered to yield a sizable QCSE at RT? Moreover, could the effect be measured, with a relatively short integration time, on a single particle? Could we expect high enough sensitivity (Δλ/λ) in hydrated environment (ε~r~ = 80) as compared to conventional voltage-sensitive dyes (which exhibit up to Δ*I*/*I* ∼ 20% for Δ*V* = 100 mV)?^[@ref31]^ Affirmative answers to these questions could imply that such NPs could act as local voltage sensors on the nanoscale (displaying changes in fluorescence quantum yield, fluorescence lifetime, and/or peak emission wavelength in response to the local electric field).

Results and Discussion {#sec2}
======================

Description of NPs Tested in This Study {#sec2.1}
---------------------------------------

Eight NPs of different geometries, band alignment structures, and compositions were surveyed for their QCSE ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Samples were of either type-I or type-II band alignment, homostructures, or heterostructures and of either sphere or rod shapes. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} describes the attributes of these samples and includes their transmission electron microscopy (TEM) micrographs. Average sizes of the various samples were evaluated from TEM images (from 30 NPs or more each) and are summarized in Table S1 in the [Supporting Information](#notes-1){ref-type="notes"}. Samples \#1 and \#2 are homogeneous CdSe NRs with different lengths (7.7 and 43.4 nm on average, respectively). Samples \#3 and \#4 are quasi-type-II CdS NR heterostructures with CdSe QDs as seed with different rod lengths (12.8 and 29.0 nm, respectively), where electrons are delocalized across the entire NR while the holes are localized on CdSe seed. Samples \#5 and \#6 are CdTe/CdSe core/shell type-II QDs having different core sizes and shell thicknesses. Sample \#5 has a 4.2 nm CdTe core and a two-layer CdSe shell, and sample \#6 has a 3.9 nm CdTe core and a five-layer CdSe shell. Sample \#7 is an asymmetric type-II heterostructure composed of a ZnSe sphere embedded in a thick bullet-shaped CdS NR (seeded NR). Its length is 33.7 nm, and width at the thicker waist is 12.1 nm. We note that sample \#8 is a novel formulation with a barrier inserted inside a type-II gap and was only recently described in the context of quantum optics application.^[@ref32]^ Particles are hammer-shaped, 28.0 nm long, and 5.0 nm wide at the "handle". Excitons in this sample have two recombination pathways, one from the conduction band of CdSe to the Te dopant level (spatially direct gap, 730 nm transition) and the other from the conduction band of CdSe to the valence band of CdZnSe (spatially indirect gap, 630 nm transition). The 730 nm emission is due to a type-I transition, while the 630 nm emission is the manifestation of an enhanced type-II transition since the electron and the hole reside in two wells that are separated by a CdS barrier. The emission spectrum of this sample is shown in Figure S12. Interestingly, the spectral bandwidth of the type-II transition is much narrower than the spectral bandwidth of the type-I transition. Unlike previously observed line width differences in two color emitting CdSe/ZnS/CdSe core/barrier/shell systems,^[@ref33]^ this is probably due to stronger phonon coupling of the type-I transition due to the strong hole localization in the doped core.^[@ref32]^ Both samples \#7 and \#8 are asymmetric type-II NPs. As discussed below, and elsewhere,^[@ref34],[@ref35]^ the spectral shift dependences on the applied field are expected to be different for these samples as compared to type-I, quasi-type-II, and symmetric type-II QDs and NRs (samples \#1--\#6).

###### List of Studied Samples and Their Relevant Attributes[a](#tbl1-fn1){ref-type="table-fn"}

![](nn-2012-03719m_0001)

*E*~g~ and λ~ems~ are the respective NP's optical band gap and peak emission wavelength. Black arrow represents a radiative recombination pathway without electric field (*F*). When *F* is applied, λ~ems~ is either increased (red arrow) or decreased (blue arrow) depending on the NPs' composition and its relative orientation with respect to the direction of *F*. Transmission electron microscopy (TEM) micrographs of all samples are shown on the right panel.

QCSE Results for Type-I and Quasi-Type-II NPs (Samples \#1--\#4) {#sec2.2}
----------------------------------------------------------------

RT QCSE results for CdSe NRs (sample \#2) are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The figure shows 200 successive spectra of a single NR. As clearly shown in [Figure [1](#fig1){ref-type="fig"}a,b](#fig1){ref-type="fig"}, the seeded NR exhibited fluorescent intermittency (blinking)^[@ref36]−[@ref39]^ with a typical blinking-on/blinking-off telegraph noise-like intensity values. Only frames during blinking-on periods were retained for further analysis using a threshold filter ([Figure [1](#fig1){ref-type="fig"}b](#fig1){ref-type="fig"} and SI-5 in [Supporting Information](#notes-1){ref-type="notes"}).

![Single NP QCSE analysis of sample \#2. (a) Series of 200 successive spectra obtained from sample \#2 at RT (excitation intensity 2 mW/cm^2^, electric field modulation frequency 10 Hz, single frame integration of 0.1 s). The dashed white/black line at the bottom of the figure indicates the periods at which the applied electric field was on (*V*~on~ = 400 kV/cm, white) or off (*V*~off~ = 0 kV/cm, black). (b) Integrated intensity trajectory (integration over λ for each frame) of the data shown in a (solid blue). The dashed red line is a guide to the eye emphasizing the blinking-on and blinking-off intensity states. (c) Averaged *V*~on~ frames (red) and averaged *V*~off~ frames (blue) (after filtering for frames in the blinking-on state) with corresponding seventh order polynomial fits (solid red and blue, respectively). (d) Histogram of spectral peak positions (*V*~on~ red, *V*~off~ blue) from all blinking-on frames (derived from the polynomial fits). (e) Differential emission spectra derived from c (see SI-5).](nn-2012-03719m_0002){#fig1}

[Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"} shows sample \#2's average spectra (over the whole movie) for *V*~off~ and *V*~on~, where the latter is red-shifted with respect to the former by 2.0 nm, corresponding to Δλ/λ = 0.32%. Concomitant with the spectral shift, a 16.4% decrease in the peak emission intensity and a 13% increase in the fwhm of the emission peak were observed ([Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}) based on the fitted curves. Beyond averaging these properties over the whole movie (20 s, [Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}), we also analyzed the spectral shifts for individual frames (0.1 s each, [Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}), by extracting emission peak wavelength (λ~peak~) for each frame (in the blinking-on state) and separately histogramming the *V*~off~ and *V*~on~ frames ([Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}). This analysis yields λ = 635.9 ± 0.5 and 638.4 ± 1.4 nm for *V*~off~ and *V*~on~, respectively, with a red shift Δλ = 2.5 nm (as compared to Δλ = 2.0 nm in [Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}). The difference between [Figure [1](#fig1){ref-type="fig"}c,d](#fig1){ref-type="fig"} is originated from the fitting errors and their accumulation. [Figure [1](#fig1){ref-type="fig"}e](#fig1){ref-type="fig"} shows the difference between the two spectra in [Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}.

The averaged *V*~off~ and *V*~on~ spectra ([Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}), the histograms of *V*~off~ and *V*~on~ peak wavelength ([Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}), and the shape of the differential spectra ([Figure [1](#fig1){ref-type="fig"}e](#fig1){ref-type="fig"}) clearly demonstrate spectral red shift and spectral broadening due to the applied external field, which are hallmarks of the QCSE and a manifestation of the exciton's charge separation, reflecting the buildup of an internal electric field (dipole) that opposes the external applied field.

A more pronounced QCSE was measured for sample \#4 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), with noticeable spectral and integrated intensity changes ([Figures [2](#fig2){ref-type="fig"}a,b](#fig2){ref-type="fig"}; notice the sawtooth signal in [Figure [2](#fig2){ref-type="fig"}b](#fig2){ref-type="fig"}). The average spectral shift Δλ was measured to be 4.4 nm (Δλ/λ = 0.77%). A 30.2% decrease in peak intensity and 28.1% increase in fwhm were observed ([Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}). These numbers represent a QCSE which is about twice as big for sample \#4 as compared to sample \#2. The peak spectra (λ~peaks~) histograms for *V*~off~ and *V*~on~ are λ = 568.7 ± 0.3 and 573.9 ± 1.2 nm, respectively, and are clearly separated ([Figure [2](#fig2){ref-type="fig"}d](#fig2){ref-type="fig"}), displaying a red shift of Δλ = 5.23 nm (as compared to Δλ = 4.4 nm in [Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}). However, majority of sample \#4 NPs displayed smaller shifts.

![Single NP's QCSE analysis of sample \#4, presented in the same format as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.](nn-2012-03719m_0003){#fig2}

It is apparent from the spread (and the overlap) of the *V*~off~ and *V*~on~ histograms that the magnitude of the Stark effect varies from NR to NR, likely due to several reasons: (i) the orientation of NRs with respect to the applied field (due to only partial alignment); (ii) inhomogeneities in NRs' structure and size; (iii) presence of defects and/or traps on NRs surfaces and interfaces; (iv) presence of random surface charges on the supporting slide in close proximity to the NRs and others. Charge trapping due to (iii) or (iv) could stochastically (and temporally) modulate the QCSE and result in static or dynamic broadening (spectral diffusion). The fast ionization of the exciton at RT, the observed inhomogeneities, and the activation of trap states reduce the observed effect at RT as compared to low temperature (LT). Nonetheless, [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} show that, although the effect is very small for these samples, it still can be measured at RT, on the single particle level, and therefore, it should be possible to screen a library of different NPs for the optimal structure, shape, size, composition, and band alignment in order to yield a larger QCSE at RT.

The experiments described in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} were repeated tens of times for each of the samples in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} such that statistically meaningful QCSE data could be histogrammed from many individual NPs. Figure S10 shows histograms for samples \#1--\#4. Samples were subjected to the alignment procedure during deposition on the coverslip (SI-3) except for the data described in Figure S10e (serving as a control for alignment).

Samples \#1 and \#2 are homogeneous NRs with different diameter × length dimensions: 2.9 × 7.7 nm and 4.2 × 43.4 nm, respectively. If electron and hole separation is extended throughout the length of the NR, sample \#2 should yield a larger shift than sample \#1. We observe, however, similar average shifts (Δλ = 0.6 ± 1.2 nm, Δλ = 0.6 ± 1.4 nm) for both samples, suggesting incomplete charge separation along the long axis of the NRs.

NPs with the structure, shape, and materials' compositions of samples \#3 and \#4 (CdSe/CdS seeded rods) were previously reported to have (i) a high photoluminescent quantum yield (QY) (75% at RT^[@ref40]^); (ii) a high degree of emission polarization;^[@ref40]^ (iii) an aspect ratio (or length) dependent QCSE^[@ref41]^ at LT; and (iv) an efficient charge separation at RT.^[@ref42]^ These attributes make these NPs ideal for studying length- and orientation-dependent QCSE. However, in contrast to the reported LT results, we could not detect statistically significant differences in Stark effects for aligned (Δλ = 0.7 ± 1.4 nm) and nonaligned (Δλ = 0.6 ± 1.2 nm) samples (Figure S10d,e), although polarization measurements suggested otherwise (SI-3). We could not detect statistically significant differences in wavelength shifts for the two different lengths and aspect ratios either (average shifts were around ∼0.7 nm with 4.0 nm outliers, Figure S10c,d). A possible explanation for this observation is mis-classification of the CdSe/CdS interface as a quasi-type-II. The conduction band offset (Δ*e*) of CdSe/CdS could vary in the range 0.00 to 0.30 eV^[@ref43]^ (depending on geometry and strain), while the valence band offset (Δ*h*) is estimated to be 0.78 eV. If core diameters are larger than 2.8 nm, it could possibly still be confined to the CdSe seed, therefore reducing the extent of charge separation.

We note that all histograms in Figure S10 have tails with negative values (representing QCSE blue shifts), consisting of approximately 15% of all measured NPs. These are likely due to built-in dipole moments induced by random surface charge configurations that cancel out the external field and generate a residual field in the opposite direction.^[@ref28]^ Shifts from such random charges are estimated to contribute "noise" of about ±2 nm to the QCSE measurements. We conclude that the extent of charge separation at RT in samples \#1--\#4 (homogeneous and quasi-type-II structures) is small and does not (or very weakly) depend on NR's length or orientation.

QCSE Results for Type-II NPs (Samples \#5--\#8) {#sec2.3}
-----------------------------------------------

Similar QCSE measurements were performed for samples \#5--\#8, all having type-II band alignment ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows representative results for a single NP from sample \#8. A clear zigzag pattern of alternating *V*~off~ and *V*~on~ spectra is observed in the raw data of [Figure [3](#fig3){ref-type="fig"}a](#fig3){ref-type="fig"} (most notably around 6 and 9 s). This zigzag pattern is also manifested in the integrated intensity trajectory during the blinking-on periods ([Figure [3](#fig3){ref-type="fig"}b](#fig3){ref-type="fig"}), a manifestation of the decreased intensity in the *V*~on~ state ([Figure [3](#fig3){ref-type="fig"}c](#fig3){ref-type="fig"}). [Figure [3](#fig3){ref-type="fig"}c](#fig3){ref-type="fig"} shows the averaged *V*~on~ frames (red) and averaged *V*~off~ frames (blue) for the whole trajectory, exhibiting an average Δλ = 13.1 nm (Δλ/λ = 2.1%) wavelength shift, 36.5% peak intensity (Δ*I*) reduction, and 30.4% fwhm (Δfwhm) increase, which are, respectively, 6.6×, 2.2×, and 2.3× larger than the corresponding changes presented in [Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"} for sample \#2. In contrast to [Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}, the *V*~off~ and *V*~on~ spectral peak position histograms ([Figure [3](#fig3){ref-type="fig"}d](#fig3){ref-type="fig"}) are well separated, suggesting the QCSE could be detected with high confidence in a single frame (0.1 s) for a single NP, while 20 s averaging was needed to extract the shift in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The large shift is also evident from the differential spectrum ([Figure [3](#fig3){ref-type="fig"}e](#fig3){ref-type="fig"}, as compared to the noisy differential spectrum of [Figure [1](#fig1){ref-type="fig"}e](#fig1){ref-type="fig"}).

![Single NP's QCSE analysis of sample \#8, presented in the same format as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.](nn-2012-03719m_0004){#fig3}

Statistically meaningful data were also acquired for samples \#5--\#8. While similar wavelength shifts were observed for samples \#1--\#4 (Figure S10), large variations were observed among type-II NPs (samples \#5--\#8, Figure S11). Samples \#5 and \#6 are spherical CdTe/CdSe (core/shell) type-II QDs with core diameters at around 4 nm and shell thicknesses of around 1--2 nm. They have smaller QCSE than type-I NRs (average Δλ =0.5 ± 1.2 and 0.4 ± 1.3 nm for samples \#5 and \#6, respectively, and Δλ = 3.1 nm maximum shifts for both, Figure S11a,b). Sample \#7 is a bullet-shape type-II ZnSe (sphere) seeded CdS NR, and it displays both red and blue spectral shifts due to its asymmetry. Wavelength blue shift in QCSE is a unique feature of asymmetric type-II quantum structures and was previously measured only for 2D quantum well devices.^[@ref34],[@ref35],[@ref44]^ Type-II band alignment assists in charge separation; the symmetry breaking of a single heterostructure implies that the electric field either pushes both the electron and the hole wave functions toward the interface, leading to a blue shift, or away from the interface (further enhancing charge separation) leading to a red shift. However, blue shifts do not occur in symmetric core--shell structures such as samples \#5 and \#6. Sample \#7, in contrast, has an asymmetric type-II interface, allowing for charges to be pushed toward the interface or away from it, depending on the direction of the applied electric field.

The measured blue shifts as well as red shifts for sample \#7 are favorably compared with red shifts reported for samples \#1--\#6, with a Δλ = 1.6 ± 1.7 nm average shift and up to Δλ = 8.2 nm for outliers (Figure S11c). Even larger shifts (as large as Δλ = 13.1 nm, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) were observed for the type-II transition of sample \#8 (this sample has ∼730 nm type-I transition and ∼630 nm type-II transition due to an asymmetric type-II interface), with an average shift of Δλ = 3.5 ± 3.1 nm (Figure S11e). The type-I transition of sample \#8 displayed an average shift of Δλ = 1.2 ± 2.0 nm and up to Δλ = 6.5 nm for outliers (Figure S11d).

Field Dependence of the QCSE {#sec2.4}
----------------------------

All QCSE data presented so far ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"} and Figures S10 and S11) were measured at a fixed (maximal) V~on~ electric field (400 kV/cm). We also measured the field dependence of the QCSE (Δλ-F) for samples \#2, \#4, \#6, \#7 and \#8 (samples \#1, \#3 and \#5 displayed too small QCSE). The electric field was varied from −400 kV/cm to +400 kV/cm in 100 kV/cm increments. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a displays Δλ-F plots for the different samples. For example, sample \#2 showed a quadratic Δλ--*F* relationship as previously reported elsewhere,^[@ref28],[@ref29]^ while sample \#4 showed an asymmetric Δλ--*F* as reported by Müller *et al*.^[@ref41]^ Due to its symmetrical core--shell type-II structure, sample \#6 also displayed a quadratic relation (similar to the type-I sample \#2). However, sample \#7 and the type-II transition of sample \#8 displayed roughly linear Δλ--*F* due to symmetry breaking (*i.e.*, the relative orientation of the applied field with respect to the type-II asymmetry of the structure). We note that the linear Δλ--*F* was observed for multiple quantum wells (MQWs) or superlattices,^[@ref44]^ but both red and blue shifts were simultaneously present in the spectrum (and therefore required spectral demixing for the analysis). Linear Δλ--*F* relation is well-resolved here, manifesting the presence of a single asymmetric type-II interface (at very high fields, this relation could be altered^[@ref35]^). [Figure [4](#fig4){ref-type="fig"}b,c](#fig4){ref-type="fig"} displays Δλ--*F* curves for four different sample \#2 NPs (middle) and 4 different sample \#7 NPs (right). These curves represent the reproducibility of the QCSE among individual NPs from the same sample and the robust and clear distinction in QCSE between type-I and asymmetric type-II structures. [Figure [4](#fig4){ref-type="fig"}d](#fig4){ref-type="fig"} shows 2 s stretches (20 frames) of field-dependent spectral shift raw data of a single NR from sample \#7 (corresponding to red diamonds in [Figure [4](#fig4){ref-type="fig"}c](#fig4){ref-type="fig"}).

![Field-dependent QCSE of single NP. (a) Samples \#2 (black squares), \#4 (red diamonds), \#6 (blue triangles), \#7 (dark cyan down triangles), \#8 (pink left triangles). (b,c) Four individual NP of sample \#2 (b) and sample \#7 (c). (d) Spectral images for 20 frames of sample \#7 (presented as red diamonds in c). Applied electric field (kV/cm) is shown at the left of each image, and λ is shown at the right side of the image of −100 kV/cm field.](nn-2012-03719m_0005){#fig4}

Simulations Results {#sec2.5}
-------------------

The experimental results suggest a smaller extent of charge separation in type-I and quasi-type-II NRs as compared to asymmetric type-II structures. In order to gain deeper insight and understanding for why this is so, we performed QCSE simulations for all samples shown in [Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}. We solved the self-consistent Schrödinger--Poisson equations numerically (see SI-6). The simulations are in good agreement with previously published calculations^[@ref28],[@ref29],[@ref45],[@ref46]^ and the experiments presented here. Dimensions and parameters used for these simulations are presented in SI-7. [Table [2](#tblII){ref-type="other"}](#tblII){ref-type="other"} compares the experimentally obtained maximum red (or blue) shifts with the corresponding simulated shifts and excitons' binding energies (*E*~b~). Except for sample \#6, simulations agree well with experiments. It is possible that our geometrical definition and parameters for sample \#6, as given in SI-7, are not as good as for other samples. For example, CdTe/CdSe core/shell structures are easily branched into shapes such as tetrapod. It is possible that our samples exhibit initial small branching not detected by TEM (due to sample's aging or residual tetradecylphosphonic acid ligands that are not easily removed during TEM sample preparation). We also extracted the overlap integral ⟨ψ~e~\|ψ~h~⟩^2^ ([Figure [5](#fig5){ref-type="fig"}a](#fig5){ref-type="fig"}) as a measure of charge separation. The overlap integral has a maximal value at zero field for the type-I NP (sample \#2) and for the symmetric core--shell type-II QD (sample \#6). This is also reflected in the quadratic Δλ--*F* relation for these samples. However, the overlap reaches its maximal value at the negative maximal field (−400 kV/cm) for asymmetric heterostructures (type-II samples \#7 and \#8 and quasi-type-II sample \#4) in which both the electron and the hole are pushed toward each other and against the heterostructure interface (see corresponding band diagrams in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This is also reflected in the nearly linear Δλ--*F* relation for these samples. Similarly to the experimental results, simulations show that the charge separation in sample \#2 turns out to be small (8% reduction in overlap integral) due to the strong exciton's binding energy (*E*~b~ = 40.04 meV). Simulations for sample \#4 show a sudden drop (17%) in the overlap integral at around 300 to 400 kV/cm, likely due to exciton ionization. The overlap integral for sample \#6 does not exhibit a change as a function of applied field due to the small size of the particle (charge separation is limited by the physical dimensions). Samples \#7 and \#8 exhibit minimal overlap since the exciton's binding energy is negligible (*E*~b~ = 3.34 and 0.03 meV, respectively) and so is the Coulomb interaction for these samples. [Figure [5](#fig5){ref-type="fig"}b](#fig5){ref-type="fig"} compares field-dependent Δλ values of calculation and experimental data of samples \#2 and \#8 (same data as in [Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}). Calculated Δλ of sample \#2 regenerates the experiment data. For sample \#8, we assume partial alignment with an angle θ between the NR's long axis and the field direction and a maximal possible shift of 13.1 nm at θ = 0. The data could then be reasonably fitted with a cos^2^ θ (θ ≈ 37°) correction factor ([Figure [5](#fig5){ref-type="fig"}b](#fig5){ref-type="fig"}).

###### Experimental and Calculated Maximum Δλ (at 400 kV/cm) and *E*~b~; Δλ Blue Shifts (at −400 kV/cm) Are Shown in Parentheses

  sample   exptl Δλ (nm)   calcd Δλ (nm)   *E*~b~ (meV)
  -------- --------------- --------------- --------------
  \#2      4.0             3.1             40.04
  \#4      4.4             4.8             50.22
  \#6      3.1             1.5             21.94
  \#7      8.2 (−7.1)      12.4 (−7.6)     3.34
  \#8      13.1 (−7.3)     15.5 (−10.2)    0.03

![Calculation results. (a) Overlap integral of samples \#2 (black squares), \#4 (red diamonds), \#6 (blue triangles), \#7 (dark cyan down triangles), and \#8 (pink left triangles). The *y*-axis has a log scale for 1 × 10^--6^--0.3 and a linear scale for 0.35--1.0. (b) Field dependence (Δλ--*F*) of experiment (black triangles and blue squares) and simulation (solid and dashed line) of samples \#2 (black) and \#8 (blue), respectively.](nn-2012-03719m_0006){#fig5}

Discussion {#sec3}
==========

Most of previous single NP Stark effect measurements were performed at cryogenic temperatures.^[@ref28],[@ref29],[@ref41]^ The few RT^[@ref30],[@ref42]^ studies were done on the ensemble level with NPs embedded in polymer matrixes or in solvents with large dielectric constants (ε~r~ \> 1). To the best of our knowledge, the work reported here is the first RT single NP QCSE measurement on the air--glass interface. The difficulties that have hindered such measurements in the past include (i) relatively small wavelength shifts; (ii) short exciton lifetime (rapid ionization) at RT; (iii) spectral broadening due to surface charge fluctuations; (iv) requirement for large applied fields (\>100 kV/cm, close to material breakdown); (v) dielectric mismatch between the semiconductor NP (large ε~r~) and air (ε~r~ = 1). Due to this mismatch, most of the applied field is dropped near the electrodes and not across the particle. Nonetheless, we were able to measure QCSE of single NPs at RT for eight different samples of different compositions and geometries. Using modulation spectroscopy and averaging, we could measure the effect even for NPs with relatively small polarizability (such as sample \#1 through \#6). Moreover, taking geometry and material composition into account, we could qualitatively and quantitatively reproduce experimental results in simulations, including the NPs field dependence (Δλ--*F*).

We find (both experimentally and in simulations) that the strong Coulomb interaction in type-I NPs (samples \#1 and \#2) results in a small QCSE (Δλ \< 4 nm). This is the manifestation of a minute field-induced band bending that does not alter much the electron's and hole's potential energy minima (and therefore only slightly reduces the Coulomb attraction energy). The insensitivity of the effect to length (Figure S10) is also an indication for small perturbation to the Coulomb interaction in these particles. Since NPs from samples \#1 and \#2 display a quadratic Δλ--*F* relation, it is possible to use the well-known energy (*E*)--field (*F*) expression Δ*E* = α*F*^2^ to evaluate α, the polarizability of these NPs. We find α = 1.82 × 10^5^ Å^3^ for sample \#1 and α = 2.20 × 10^5^ Å^3^ for sample \#2. It is noted that a similar polarizability value (2.38 × 10^5^ Å^3^) was found for a 5.8 nm diameter QD in ref ([@ref28]) (even though that QD sample had a different geometry).

Asymmetric quasi-type-II NRs (samples \#3 and \#4) display only very slightly larger QCSE (average Δλ ≈ 0.7 nm) as compared to type-I NPs (average Δλ ≈ 0.6 nm). Since the position (and symmetry) of the QD seed in the seeded rod structure is not well-controlled or defined, their Δλ--*F* relation is somewhere between linear and quadratic.^[@ref41]^ They also exhibit only a weak length and orientation dependence (Figure S10). Nonetheless, a few individual NRs from these samples, most likely well-aligned with the direction of the applied field, exhibited clear zigzag pattern in the integrated intensity and peak wavelength signals ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Simulations show that these samples have a reduced overlap integral overall (as compared to samples \#1 and \#2) and an additional sudden drop around 300 to 400 kV/cm, suggesting a weaker Coulomb interaction and exciton ionization at these large fields (Δλ, however, is smaller as compared to the value measured for similar particles at cryogenic temperatures^[@ref41]^).

Symmetric type-II QDs (samples \#5 and \#6) exhibit the smallest averaged QCSE (Δλ = 0.5 and 0.4 nm, respectively). Simulations predict even a smaller shift ([Table [2](#tblII){ref-type="other"}](#tblII){ref-type="other"}). Due to their small size and symmetric shape, charge separation is very limited for these particles, as evidenced by [Figure [5](#fig5){ref-type="fig"}a](#fig5){ref-type="fig"}: they have a larger overlap integral with respect to the larger rod-shaped samples \#7 and \#8 (due to their smaller size) but smaller overlap integral with respect to samples \#1 and \#2 since they are type-II. As expected, these spherically symmetric samples have a quadratic Δλ--*F* relation, exhibiting only red shifts.

Asymmetric type-II NRs (samples \#7 and \#8) exhibit the largest spectral shifts. Charge separation is enhanced in these structures since the minimum energy for the electron is on one side of the interface, while the minimum energy for the hole is on the other side of the interface, leading to a reduced Coulomb attraction between the separated charge carriers. This, in turn, leads to a larger response to an external field. The breaking of symmetry at the interface leads to a blue shift when the field is aligned in a direction that "pushes" the electron's and hole's wave functions toward the interface (and toward each other) and a red shift when the field is in the opposite direction, that is, "pulls apart" the electron's and hole's wave functions away from the interface ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The largest observed red shifts are Δλ = 8.2 and 13.1 nm for samples \#7 and \#8, respectively, values which are almost 2× and 3× larger than the values for samples \#1 through \#6. The largest observed blue shifts were also sizable (Δλ = 7.1 and 7.3 nm for samples \#7 and \#8, respectively). As expected, these samples exhibit nearly linear Δλ--*F* dependence. Interestingly, simulations confirm the experimental observation that the slope in the first quadrant (red shift) is different from the slope in the third quadrant (blue shift). The difference in slopes is attributed to the two field configurations described below.

In the case where the field pulls apart the electron and the hole away from each other, longer rods will afford a larger charge separation, a larger dipole (μ = *q* × *d*, where μ is dipole moment, *q* is electron charge, *d* is distance between *e* and *h*), a reduced Coulomb attraction, and therefore a larger Δλ red shift. The red shifts obtained for samples \#7 and \#8 are much larger than the shifts measured for samples \#1 and \#2, signifying the importance of the type-II interface. However, symmetric core/shell type-II structures (sample \#5 and \#6) lack the geometry that affords the generation of a large dipole. In short, the largest red shifts are achieved for elongated, asymmetric, type-II heterostructures.

In the case where the field pushes the electron and the hole toward the interface (and toward each other), the geometry of the rod plays a less important role. Instead, the band tilting due to the external applied field and the redistribution of charges form triangle potential wells for both the electron and the hole. The blue shift is a measure for the degree of tilting due to the established internal electric field (which is proportional to the external field). In the above discussion, we treated rods as 1D wires; geometry could have a secondary effect on the blue shift when the true 3D structure of the NR is taken into account. It is noted that the blue shift configuration is advantageous for cases where the size of the sensor matters, but that the red shift configuration affords the highest voltage sensitivity.

Three distinct classes of Δλ--*F* relations were observed: (1) symmetric NPs with strong Coulomb attraction (type-I) display a red shift with a quadratic Δλ--*F* (and Δ*E*--*F*) dependence, Δ*E* = α*F*^2^,^[@ref28]^ which is characterized by the polarizability α; (2) asymmetric NRs with reduced Coulomb attraction (type-II) display a red shift with a linear Δλ-*F* (and Δ*E*-*F*) dependence at zero toward positive electric fields, Δ*E* = *F* × *d* (*d* is distance);^[@ref30]^ (3) asymmetric NRs with reduced Coulomb attraction (type-II) display a blue shift with nearly linear Δλ-*F* (and Δ*E*-*F*) dependence at zero toward negative electric fields, Δ*E* = (9*hq*/(16(2*m*\*)^1/2^)^2/3^ × *F*^2/3^, (1/*m*\*) = (1/*m*~e~^\*^) + (1/*h*~e~^\*^),^[@ref47]^ where *h* is Plank's constant, *q* is electron charge, and *m*~e~^\*^ and *m*~h~^\*^ are effective masses of the electron and hole, respectively.

A sudden transition from a quadratic to a linear Δλ--*F* dependence could occur at large enough fields, manifesting the ionization of the exciton, that leads to a decrease in the overlap integral and an increase in the red shift. Such critical behavior was observed for sample \#4 at ∼300--400 kV/cm. Samples \#7 and \#8, however, display such ionization already at a zero field due to their type-II nature. Exciton ionization could not be observed for type-I NRs (samples \#1 and \#2).

When we use these NPs for field sensing application, we need to take into account spectral diffusion. Charge trapping at the NP surface directly affects the magnitude of QCSE by changing the electric field inside the NP. If charge trapping is dynamic, it induces spectral diffusion.^[@ref48]^ The resulting spread of wavelengths due to such diffusion is not larger than 10 nm.^[@ref33],[@ref49]^ In our observation, emission peaks diffuse no more than 4 nm ([Figures [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}d, and [3](#fig3){ref-type="fig"}d), consistent with the earlier works. Interestingly, our results suggest that trapped charges have a strong influence on *V*~on~ states ([Figure [1](#fig1){ref-type="fig"}d](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}d, and [3](#fig3){ref-type="fig"}d, red) as compared to *V*~off~ states. This is likely because the wave function is more susceptible to the trapped charges when it is close to the surface of the NP. Obviously, spectral diffusion due to trapped charges reduces the signal-to-noise ratio (S/N) in voltage sensing, especially for short integration times. Generally, we observed that if the average shift is larger than 4 nm, reliable voltage sensing could be achieved despite spectral diffusion.

In summary, our observations indicate that the QCSE magnitude and applied field dependence are sensitive to the shape and the material composition of the nanoparticles: (i) Type-I NRs (homostructures with cylindrical symmetry) only weakly respond to the applied field ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The magnitude of their QCSE shift is small, and the signal is usually masked by spectral diffusion at RT (likely due to local charge fluctuations/redistributions). With signal averaging, some weak signals could be measured above the noise. As reported earlier,^[@ref29]^ these NRs display a quadratic field dependence ([Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}, black squares). Although one might expect charge separation to be dependent on the NR length, we do not observe length dependence for type-I NRs. (ii) Quasi-type-II NRs (heterostructures with cylindrical symmetry) display slightly larger QCSE than type-I NRs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Also, its asymmetric composition alters its field dependence, to be no longer quadratic ([Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}, red diamonds). Calculations indeed confirm reduced Coulomb interaction for quasi-type-II NRs as compared to type-I NRs ([Figure [5](#fig5){ref-type="fig"}a](#fig5){ref-type="fig"}, red diamonds *vs* black squares), allowing for larger polarizability. (iii) Type-II core/shell QDs (heterostructures with spherical symmetry) display the weakest QCSE, often totally masked by spectral diffusion (Figure S11a,b). This observation implies that symmetry breaking is important for sizable QCSE. The field dependence of these particles is quadratic ([Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}, blue triangles). (iv) Type-II NRs (heterostructures with cylindrical symmetry) display the largest QCSE ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and close to linear field dependence ([Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"}, dark cyan down triangles and pink left triangles). Calculations suggest that Coulomb interaction is reduced the most in these structures ([Figure [5](#fig5){ref-type="fig"}a](#fig5){ref-type="fig"}, dark cyan down triangles and pink left triangles), affording large polarizability. The symmetry breaking by the type-II heterostructure is manifested through the close to linear field dependence. The large shifts in these samples are hardly affected by spectral diffusion.

Conclusions {#sec4}
===========

We measured and simulated wavelength shifts for eight different NP formulations on the single molecule level at room temperature. We found that type-II asymmetric NRs ZnSe--CdS and CdSe(Te)--CdS--CdZnSe yielded the largest shifts, demonstrating single particle sensitivity of Δλ/λ ∼ 2.1% at a field of 400 kV/cm. The shifts for these samples (\#7 and \#8) were roughly linear with the applied external field and displayed both red and blue shifts within a broad range of applied voltages, depending on the field's polarity with respect to the particle's orientation. The demonstrated sensitivity could be translated into a noise-immune, ratiometric voltage measurement of two spectral bands (by splitting the fluorescence with an appropriate dichroic mirror followed up by band-pass filtering the two spectral bands using two detectors).

The temporal response of the Stark effect is in the nanosecond range. If voltage measurements are to be performed with NPs on the ensemble level, very fast signals could indeed be detected. The voltage nanosensors presented here, however, are capable of reporting voltage signals on the single particle level. For this, though, enough photons need to be detected from a single nanosensor to yield a reasonable signal-to-noise-ratio. We demonstrated here discernible shifts measured on single nanosensors with 30--100 ms time resolution. With further optimization, stronger laser excitation, faster cameras, brighter QDs, and better QDs' coating, we could expect significant improvements in single nanosensor time resolution.

We believe that the results reported here could be further enhanced by (i) improving synthesis to yield even more uniform particles; (ii) engineering electron and hole wave functions that display weaker exciton binding energy while maintaining high radiative recombination rate (by improving on band gap structure, composition, and geometry); (iii) reducing electrode spacing such that most of the field drops on the NPs; and (iv) matching the environment's dielectric constant to that of the particles or identification of asymmetric type-II structure with lower dielectric constant. With such improvements, these voltage nanosensors could possibly find interesting applications.
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